The effect on kraft cooking proceeded by an impregnation stage performed at 130°C for 30 min was compared to kraft cooking following prolonged impregnation at 105°C for 60-120 min. The alkali consumed during impregnation varied depending on the temperature and time of the impregnation stage. In order to study the impact of the impregnation stage on the subsequent kraft cook, the initial concentration of effective alkali was adjusted to be initially the same in all cooks before cooking for 180-290 min.
transformed to an alkali stable metasccharinic end group by the stopping reaction. The stopping reaction can occur in any carbohydrate chain, but for glucomannan the stopping reaction is the only protection available in conventional kraft pulping. Alkaline hydrolysis is another important carbohydrate degradation reaction, which cleaves a glycosidic bond at random along the chains of the biopolymers, resulting in a decrease in the molecular weight. It nevertheless has an effect on yield, as the breakup of a carbohydrate chain will lead to the formation of a new reducing end group, susceptible to the peeling reaction. Carbohydrates are also lost due to dissolution, mainly xylan is dissolved as molecules into the alkaline cooking liquor (Axelsson, et al., 1962; Li Jansson, Brännvall, 2011; Yllner, et al., 1957) . Glucomannan can be dissolved in molecular form during steaming, but will degrade in contact with alkali.
Procedures to increase yield is by rendering the carbohydrates less susceptible to peeling by oxidizing the reducing end groups with polysulphide and/or anthraquinone (Sanyer, Laundrie, 1964; Löwendahl, Samuelson, 1978) . Also reduction of the reducing end groups by sodium borohydride (Hartler, 1959; Meller, 1963) or hydrogen sulphide gas (Procter, 1970; Vinje & Worster, 1969) decreases the carbohydrates lost due to peeling. However, measures to increase yield can be taken at a different level than the molecular by using yield enhancing additives. Improved homogeneity during delignification on a chip level will improve yield. A more homogeneously delignified chip is achieved by complete impregnation of the chip with cooking chemicals prior to the temperature being raised to the cooking temperature. The effect on yield is understood by considering the case of insufficient impregnation in which a concentration gradient exits through the chip, with higher hydroxide ion concentration at the chip surfaces and lower in the centre of the chip. In worst case, alkali might not have reached the core of the chip as temperature is elevated (Gustafson et al. 1989; Jiménez et al. 1989) . In the areas with alkali, delignification will take place as well as peeling and alkaline hydrolysis. If the core is void of alkali, the increased temperature might lead to acid hydrolysis, due to auto-hydrolysis by water. If alkali has reached the core, the amount might be too low for lignin to be kept in dissolution but still enough to degrade carbohydrates (Andersson, et al., 2003) . As the cook proceeds, the chemical components in fibres at the chip surface will be degraded to a much higher extent than the components in the core of the chip, resulting in a gradient through the chip with fibres at the surface with both a lower lignin and carbohydrates content compared to fibres in the chip core. Additionally, the carbohydrates will have a lower degree of polymerisation. In the worst case, the chip cores remain insufficiently delignified and turn up as shives, in need to be removed by screening of the pulp.
Improved impregnation can be achieved by using thinner chips (Hartler, Onisko, 1962; Gullichsen, et al., 1992; Jimenez et al. 1990; Egas et al. 2002; ) or by creating new paths for liquor transport by introducing cracks into the chips (Sainio 2000; Määttänen, Tikka 2008) . However, aiming for thinner chips from the wood chipper increases wood losses during chipping and a lower yield during cooking, due to inhomogeneous wood dimensions as more fines and pin chips are created.
Extending the time for cooking chemicals to be transported to all parts of the chips is beneficial (Jimenez et al. 1990 ). In the extended impregnation cooking concept, impregnation is performed for a longer time, at a lower temperature and a higher liquor-to-wood ratio (L/W), resulting in more homogeneous delignification compared to kraft cooking without an impregnation stage (Wedin, et al., 2010; Karlström 2009 ). However, implementing this technology requires either a larger impregnation vessel or reduced production rate.
The aim was to study how conditions in the impregnation stage affect the subsequent kraft pulping stage by studying prolonged impregnation at normal L/W ratio. The goal was to obtain a higher pulp yield by a more complete impregnation and investigate if production rate can be maintained as the higher yield might be able to compensate for the longer impregnation time.
Materials and Methods
Industrial softwood chips were dried at 40°C in a Termaks TS 8430 drying cabinet, sorted by hand, and a fraction of 2-8 mm thickness without knots and bark, was used. The stock solution of NaOH was made by dissolving pastilles of puriss grade in deionized water, and the stock solution of Na 2 S was prepared by dissolving technical grade flakes of sodium sulphide with deionized water.
Impregnation
Steel autoclaves with a volume of 2.5 dm The cooking liquor was then sucked into the autoclaves to obtain a liquor-to-wood ratio of 3.5 l/kg wood. The autoclaves were placed in a polyethylene glycol bath in a slightly inclined position, so rotation of them provided a good mixing of dry matter and cooking liquor. Heating time to reach impregnation temperature was estimated to 10 min where after the actual impregnation time started. The conditions in the reference case were 130°C and 10-60 min. Prolonged impregnation was performed at 105°C for 60-120 min. After the impregnation step, the autoclaves were cooled in a water bath and subsequently150 ml liquor was extracted for analysis.
Cooking
Adequate volumes of white liquor and deionized water were added to the impregnated chips to obtain an initial alkali concentration of 0.725 mol/l and a L/W ratio of 3.5 l/kg. The autoclaves were put back into the glycol bath holding a temperature of 157°C. As in the impregnation stage, 10 min was allowed for heating the contents of the autoclaves to the cooking temperature where after the cooking time was recorded. After reaching desired cooking time, the autoclaves were cooled, the black liquor was collected and the chips washed over night using deionized water. The cooked chips were defibrated in a water jet defibrator from NAF (Nordiska Armatur-fabriken), using deionized water. The resulting pulp was centrifuged to a dry content of 25-30%, and was manually disintegrated into small pieces, which were dried at 40°C in a Termaks TS 8430 drying cabinet, placed in a plastic bag, weighed, and stored for approximately 12 h, to allow the pulp to achieve homogeneous moisture content before determining yield.
Analysis
The yield was determined gravimetrically, kappa number according to ISO 302:2004, residual hydroxide ion concentration according to SCAN N 33:94 and hydrogen sulphide ion concentration according to SCAN N 31:94. Kappa number was determined according to ISO 302:2004 in duplicate for each pulp. The carbohydrate composition was determined at Innventia AB (Stockholm) according to SCAN-CM 71 by ion chromatography; the measurement uncertainty for this determination is ±2 mg/g for monosaccharides at the level of 1-10 mg/g and ±20% for monosaccharides at a level >10 mg/g. The xylan content was calculated as arabinose + xylose, the glucomannan content as galactose + (1+ 1/3.5) × mannose and the cellulose content as glucose -1/3.5 × mannose. Limiting pulp viscosity was analysed according to ISO 5351:2010. Cellulose molecular mass distribution (MMD) was determined by tricarbanilation method and size exclusion chromatography according to the method published in Evans et al. 1989 .
Results
Impregnation of softwood chips with white liquor at 18.2% EA and 36% sulfidity was performed at 130°C for the reference case and at 105°C in the case of prolonged impregnation. In Fig 1a, the effective alkali concentration in the liquor drained off after different impregnation times is shown. As can be seen, the alkali concentration decreased rapidly, the decrease was accentuated at the higher temperature. Also the decrease in hydrogen sulphide ion concentration was slightly faster at 130°C compared to 105°C , Fig 1b. The effect of the conditions during impregnation on the cooking stage was studied by carrying out a kraft cooking stage succeeding the impregnation. For the reference case at an impregnation temperature of 130°C, an impregnation time of 30 min was chosen whereas the effect of prolonged impregnation at 105°C was studied for impregnation times of 60, 90 and 120 min. The volume of impregnation liquor drained from the chips after completed impregnation time was replaced by the same volume of fresh cooking liquor with an alkali content as to obtain an initial concentration in the pulping stage of 0.73 M for all cooks. Nevertheless, in the cooking stage the alkali profile was different after the different impregnation conditions, In Fig 5 the shives content in the pulp is shown. It was generally very low, but the impregnation for a shorter time at a higher temperature resulted in a higher shives content at all degrees of delignification.
From Table 1 it can be seen that the yield increment was due to higher retention of cellulose. Table 2 shows the molecular weight properties. A slightly higher pulp viscosity was recorded for the pulps obtained after prolonged impregnation. The molecular weight properties determined by SEC confirmed that prolonged impregnation resulted in higher molecular weight for the cellulose.
Discussion
Alkali consuming reactions in pulping are summarized in Table 3 . The consumption is compared between a reference case, (impregnation at higher temperature and shorter time) and prolonged impregnation. When alkali comes into contact with wood constituents, the acetyl groups on glucomannan, in the case of softwood, and xylan, in the case of hardwood, will be split off as acetic acid. The formation of acetic acid can be seen as a measure of the degree of impregnation, as it reflects the process of alkali diffusion into the chips (Zanuttini, et al., 1998; Inalbon, Zanuttini 2008; Inalbon et al. 2009 ). The more of the chips that are impregnated with cooking liquor, the more alkali is consumed by deacetylation until all parts of the chips are impregnated and all acetyl groups split off. Since time is an important parameter to obtain thorough impregnation, it is assumed that prolonging the impregnation stage will result in better impregnation and thereby a higher alkali consumption due to deactylation during impregnation.
At 130°C, the rate of alkaline hydrolysis is significant. The neutralization reactions are exothermic, so heat will be released during the impregnation stage (Courchene, et al., 2005) resulting in an increase in the temperature by up to 10°C (Tolonen, et al., 2010) ; the higher the alkali consumption, the higher the increase in temperature. In the reference case, performed at a higher temperature, alkali is hence consumed to a much larger extent in breakage of glycosidic linkages in the carbohydrate chains. The endwise degradation of carbohydrates, which starts at the reducing end group of the carbohydrate chain, is significant already at 70°C and affects mainly glucomannan. Since alkaline hydrolysis creates new reducing end groups, there are more reactions Table 3 -Alkali consuming reactions in the impregnation stage. Assumed differences in alkali consumption between prolonged impregnation and reference case, denoted + when assumed to be higher or ++ when assumed to be much higher.
Reaction

REF PROLONGED Deacetylation
+ Alkaline hydrolysis ++ Peeling+neutralization of isosaccharinic acid ++
Deprotonation of carboxylic and phenolic groups +
Saponification of extractives
sites in the reference impregnation case. Thus, more alkali is consumed in peeling reactions in the reference case owing to higher temperature and more reducing end groups introduced in both cellulose and hemicellulose. The sugar units cleaved off from the carbohydrate chains are transformed to isosaccharinic acids, which consume alkali upon neutralization (Pakkanen, Alén 2013) . As a consequence of a higher extent of peeling, more alkali will be consumed in neutralizing these acids in the reference case.
Inherent acid groups in wood, such as carboxylic groups in xylan and phenolic groups in lignin, are deprotonated by alkali. Pectins contain a large amount of carboxyl units, which are saponified and dissolved by alkali and so are many of the extractives. The amount of alkali consumed in these reactions depends, as in the case of deacetylation, on how far the impregnation has proceeded into the chips. With the assumption that impregnation is better with prolonged impregnation follows thus that the alkali consumption due to neutralizing pectins and extractives is assumed higher in prolonged impregnation.
As alkali diffuses into the chip, there will be a moving concentration gradient through the chip in the thickness direction (Zanuttini, et al., 1998) . Higher temperature will increase both the diffusion rate of hydroxide ions and the various alkali consuming reaction rates, influencing the resulting alkali concentration at a given position in the chip. The deacetylation reaction is fast and at 100°C higher, the reaction rate is faster than the diffusion rate (Inalbon et al. 2009 ). If consumption of alkali is higher than the transport of more alkali to a specific position it might lead to alkali depletion. At a temperature of 130°C, autohydrolysis can occur, as water can be autoionized to hydronium ions and acetyl groups can be split off, decreasing the pH further. In positions with acidic pH, acid hydrolysis of carbohydrates can take place, giving rise to more reducing end groups susceptible to peeling when coming into contact with alkali.
At the temperature level of the reference case, set at 130°C but due to exothermic reactions increasing to approximately 140°C, the main delignification reaction, cleavage of β-aryl ether bonds, has a noticeable rate (Chiang, et al., 1987) . Thus, the alkali consumption due to delignification is higher in the reference case compared to prolonged impregnation, where only low molecular weight lignin can be assumed to dissolve.
The consumption of alkali in the impregnation stage will have consequences for the alkali demand in the cooking stage, as was demonstrated in Fig 2. Incomplete impregnation will lead to continued deacetylation and neutralization of remaining pectins and extractives.
Conditions during impregnation leading to hydrolysis (whether alkaline or acid) have created more reducing end groups which will be subjected to peeling in the cooking stage. In Fig 6 , the alkali consumed in the cooking stage is shown as a function of alkali consumed in the impregnation stage.
The alkali consumed in the cooking stage, when reaching a kappa number of 35 in the pulp, is indicated by the dotted line in the figure and a nice correlation can be observed. The more alkali consumed in the impregnation, the lower the demand in cooking, which is in accordance with previous studies (Adrews et al. 1983; Tolonen, et al., 2010) . It has also been reported that a uniform impregnation reduces the alkali demand in the cooking stage (Gullichsen, et al., 1995) . In the present study, prolonging impregnation for 120 min at 105°C resulted in the lowest alkali consumption in the cooking stage and also in the shortest cooking time to reach a certain degree of delignification. It can be assumed that the alkali present in the cooking stage was available for a more efficient delignification rather than being needed for deacetylation and neutralization of acidic groups in wood. As seen in Table 1 , the total alkali consumption is quite similar for the different cases. The reference case has a lower yield, lower viscosity and lower molecular weight of cellulose, indicating that more peeling and alkaline hydrolysis has taken place. In the case of prolonged impregnation it can be hypothesized that the alkali instead has been used to obtain a more homogeneous delignification. This hypothesis is supported by the fact that polydispersity of the cellulose molecular weight was lower after prolonged impregnation, Table 2 .
Peeling has a detrimental impact on yield, so from Fig 4 it can be concluded that the carbohydrates in chips impregnated according to the reference case have been subjected to more peeling. If the reasoning in relation to Table 3 holds true, the yield loss would be mainly due to secondary peeling brought about by increased hydrolysis in the impregnation stage. This is in accordance with previous studies demonstrating that the main reason for loss of cellulose is due to secondary peeling induced by alkaline hydrolysis (Johansson, Germgård 2008; Paananen, et al., 2015) . Also extended impregnation cooking of hardwood has been shown to improve the yield (Wedin et al. 2010) . However, the effect of extended impregnation could not be distinguished from the effect of cooking, as the reference cooking used as comparison in the cited study had no impregnation stage, the alkali charge and the cooking temperature were higher. Yet the yield increment was similar as for the prolonged impregnation investigated in the present study, in which same alkali concentration and temperature were employed for the reference and prolonged impregnation cooking. This demonstrates the outmost importance of homogeneous impregnation on yield. A more homogeneous impregnation improves yield by diminishing the delignification gradient through the chip, mainly in the thickness direction. As a consequence, also the carbohydrate degradation gradient is diminished. With an incomplete impregnation, the carbohydrates situated in fibres at the exterior of chips will be subjected to more dissolution and degradation reactions compared to carbohydrates in the chip centre (Gullichsen et al. 1995; Li et al. 2000) .
Considering production rate, prolonging impregnation time from half an hour to two hours may seem impracticable. However, although the impregnation time is increased by 300%, the positive effect of prolonged impregnation on delignification rate only decreases the total time by approximately 14%. Additionally, as an effect of the increased pulp yield, the production rate only decreases 11%, see Table 4 . Furthermore, the reduced shives content decreases the need for screening, making prolonged impregnation an attractive option.
To fully assess the effects of implementing prolonged impregnation, the effects on refinability and mechanical properties need to be studied. It would also be of scientific interest to study in detail the effects of different impregnation conditions on the degree of deacetylation, hydrolysis and peeling. It would be interesting to follow the impregnation process and analyze the amount acetic acid and isosaccharinic acids formed and to determine the selectivity of impregnation as the ratio of the two. 
Conclusions
Increased pulp yield can be obtained without the use of cooking additives. Improved impregnation by prolonging impregnation time at lower temperature gives higher pulp yield, owing to a higher cellulose yield due to a more homogeneous delignification of the chips. Complete impregnation prior to cooking ensures that no delignification gradient in the chip thickness direction occurs and all fibres are delignified to same extent whether situated on chips surface and in chip core. The cellulose is less degraded by alkaline hydrolysis, showing as a higher pulp viscosity and higher molecular weight. Prolonged impregnation resulted in a narrower molecular weight distribution. Obtaining improved impregnation completes the alkali consuming reactions, such as deactylation, so that less alkali is consumed in the cooking stage to reach a certain kappa number. The delignification in the cooking stage is more efficient, as the alkali present in the cooking liquor is to a higher extent available only for delignification, resulting in a reduction of the cooking time to reach a certain kappa number.
